With the mass market penetration of electric vehicles, the Greenhouse Gas (GHG) emissions associated with lithium-ion battery production has become a major concern. In this study, by establishing a life cycle assessment framework, GHG emissions from the production of lithium-ion batteries in China are estimated. The results show that for the three types of most commonly used lithium-ion batteries, the (LFP) battery, the (NMC) battery and the (LMO) battery, the GHG emissions from the production of a 28 kWh battery are 3061 kgCO 2 -eq, 2912 kgCO 2 -eq and 2705 kgCO 2 -eq, respectively. This implies around a 30% increase in GHG emissions from vehicle production compared with conventional vehicles. The productions of cathode materials and wrought aluminum are the dominating contributors of GHG emissions, together accounting for around three quarters of total emissions. From the perspective of process energy use, around 40% of total emissions are associated with electricity use, for which the GHG emissions in China are over two times higher than the level in the United States. According to our analysis, it is recommended that great efforts are needed to reduce the GHG emissions from battery production in China, with improving the production of cathodes as the essential measure.
Introduction
In recent years, the great promotion of electric vehicles (EVs) by the Chinese government has boosted the development of the EV battery industry. Among all sorts of EV batteries, lithium ion batteries are currently the best sellers on the market due to the advantages of high energy density, high power density, long service life, and favorable environmental properties compared to lead-acid batteries and Ni-MH batteries. In 2015, China's EV battery yield reached 15.45.GWh, up 277.7% compared to 2014 [1] . This boom for the lithium ion battery industry will surely leave a considerable burden on the environment.
Vehicle-use lithium ion batteries are currently divided into three categories depending on their different anodes, i.e., the (LFP) battery, the (NMC) battery, and the (LMO) battery. Among the battery distribution on the Chinese market in 2015, LFP accounted for 52%, NMC 39%, and LMO 3% (relatively preferred for Japanese and Korean cars) [2] . At present, domestic research on lithium ion batteries is primarily focused on performance, falling short of further understanding the environmental impact of the battery, particularly of the manufacturing process of the battery.
This study focuses on the manufacturing process of vehicle-use lithium ion batteries in China. Based on the life cycle assessment (LCA) method, it establishes a local model for study of the green gas (GHG) emissions of vehicle-use lithium ion batteries, reveals the carbon emission strength of all components in the "Cradle-to-Gate" phase, analyzes the GHG emission reduction potential of all In the LCA process, the manufacturing process of lithium ion batteries is also called the "Cradleto-Gate" phase. The manufacturing process is divided into the four links of material exploitation, material processing, part manufacturing and battery manufacturing. Since vehicle-use lithium ion batteries are not widely recycled in China now, it is hard to find data to support the research. Thus, instead of an analysis of the GHG emissions throughout the entire battery life, this study simply studies the manufacturing process ( Figure 2 ). Commonly used functional units for the energy and environmental impact of batteries include "per km of travel", "per kWh of battery", and "per kg of battery". A study with "per km of travel" as the functional unit will always have the usage phase of the batteries within its system boundaries, which can intuitively embody the usage features of the battery, and facilitate the comparison with other energy-driven cars in terms of energy and environmental impact. Since this study focuses on the manufacturing process of the battery, it is more intuitive and accurate to select "per kWh of battery" as the functional unit. The index used for assessment of GHG emissions in this study is the emission of carbon dioxide as equivalent to the energy production of each kWh of battery (kgCO2-eq/kWh).
Calculation Method
The calculation of GHG emissions includes two parts, the GHG emissions from the "raw material exploitation, material processing, and parts manufacturing" process of all components/materials (Formula (1)), and the GHG emissions from the single cell production and assembly process (Formula (2)). As most emissions during the battery manufacturing process come from combustion, we need to know the energy and material input of each process, as well as the process energy consumed by this process, and substitute the GHG emission factor for the process energy, so as to work out the GHG emissions. It should be noted that while GHG emissions originating from non-combustion are not shown in the formula, they can be neglected if they are too small. In the LCA process, the manufacturing process of lithium ion batteries is also called the "Cradle-to-Gate" phase. The manufacturing process is divided into the four links of material exploitation, material processing, part manufacturing and battery manufacturing. Since vehicle-use lithium ion batteries are not widely recycled in China now, it is hard to find data to support the research. Thus, instead of an analysis of the GHG emissions throughout the entire battery life, this study simply studies the manufacturing process ( Figure 2 ). In the LCA process, the manufacturing process of lithium ion batteries is also called the "Cradleto-Gate" phase. The manufacturing process is divided into the four links of material exploitation, material processing, part manufacturing and battery manufacturing. Since vehicle-use lithium ion batteries are not widely recycled in China now, it is hard to find data to support the research. Thus, instead of an analysis of the GHG emissions throughout the entire battery life, this study simply studies the manufacturing process ( Figure 2 ). Commonly used functional units for the energy and environmental impact of batteries include "per km of travel", "per kWh of battery", and "per kg of battery". A study with "per km of travel" as the functional unit will always have the usage phase of the batteries within its system boundaries, which can intuitively embody the usage features of the battery, and facilitate the comparison with other energy-driven cars in terms of energy and environmental impact. Since this study focuses on the manufacturing process of the battery, it is more intuitive and accurate to select "per kWh of battery" as the functional unit. The index used for assessment of GHG emissions in this study is the emission of carbon dioxide as equivalent to the energy production of each kWh of battery (kgCO2-eq/kWh).
The calculation of GHG emissions includes two parts, the GHG emissions from the "raw material exploitation, material processing, and parts manufacturing" process of all components/materials (Formula (1)), and the GHG emissions from the single cell production and assembly process (Formula (2)). As most emissions during the battery manufacturing process come from combustion, we need to know the energy and material input of each process, as well as the process energy consumed by this process, and substitute the GHG emission factor for the process energy, so as to work out the GHG emissions. It should be noted that while GHG emissions originating from non-combustion are not shown in the formula, they can be neglected if they are too small. Commonly used functional units for the energy and environmental impact of batteries include "per km of travel", "per kWh of battery", and "per kg of battery". A study with "per km of travel" as the functional unit will always have the usage phase of the batteries within its system boundaries, which can intuitively embody the usage features of the battery, and facilitate the comparison with other energy-driven cars in terms of energy and environmental impact. Since this study focuses on the manufacturing process of the battery, it is more intuitive and accurate to select "per kWh of battery" as the functional unit. The index used for assessment of GHG emissions in this study is the emission of carbon dioxide as equivalent to the energy production of each kWh of battery (kgCO 2 -eq/kWh).
The calculation of GHG emissions includes two parts, the GHG emissions from the "raw material exploitation, material processing, and parts manufacturing" process of all components/materials (Formula (1)), and the GHG emissions from the single cell production and assembly process (Formula (2)). As most emissions during the battery manufacturing process come from combustion, we need to know the energy and material input of each process, as well as the process energy consumed by this process, and substitute the GHG emission factor for the process energy, so as to work out the GHG emissions. It should be noted that while GHG emissions originating from non-combustion are not shown in the formula, they can be neglected if they are too small.
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Establishment of Battery Model
For battery modeling, this study adopts the BatPac Model of the Argonne National Laboratory of the US. For the battery capacity option, investigation of the EV market in mainland China in 2015 and 2016 and relevant literature revealed that the capacity of lithium ion batteries carried by purely electric vehicles normally ranges between 20 kWh and 30 kWh [15] . With reference to the GREET-2015 Model (The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation Model of the Argonne National Laboratory ), as total battery capacity of 28 kWh comparatively conforms to the current technical mainstream, 28 kWh is presumed as the total battery capacity in this study.
The BatPac Model and GREET-2015 Model of the Argonne National Laboratory are adopted because (i) they are relatively reliable due to their summarization of research findings of Majeau-Bettez et al. [12] , and Notter et al. [10] , to establish a rather complete assessment chain for a car's life cycle; and (ii) it's easy to compare the GHG emissions calculated by local data in the Chinese market with that of the Laboratory (Table 1) . The mass fraction of each material/component of the three lithium ion batteries fitted through the BatPac Model is shown in Table 2 . Among all of these, the anode active materials take up the biggest share, respectively 24.4%, 28.2%, and 33.6% for LFP, NMC, and LMO batteries. Wrought aluminum then follows. Aluminum is also heavily used in the batteries, including the anode current collector, anode tab, aluminum plastic film of battery cell, battery package, and module shell. Plastics include PP, PT and PET, used in the membrane and aluminum plastic film. 
Data Localization
The most important step in establishing the local model for GHG emission of lithium ion batteries in China is to localize the database. Energy consumption or carbon emission data of each process is shown in Table 3 . Glass fiber GREET-2015
Battery Management System GREET-2015
Single Cell Production and Battery Assembly [13] Note: When the data come from GREET-2015 (The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation Model of the Argonne National Laboratory), the energy consumption data adopt those in GREET-2015, and the GHG emission factor of the energy is localized.
Since many production processes and technologies are still under research and development amid the rapid development of the lithium ion battery industry, most enterprises are reluctant to disclose their primary data for process details and energy consumption of the production process. The study on energy consumption of the manufacturing process of anode active materials mostly relies upon the process flow, coupled with the physical and chemical parameters of the material. By presumption of the production equipment, reaction temperature and finished product yield, it estimates the thermal consumption of the reaction process. Representative studies include those carried out by Majeau-Bettez et al. [5] , and Dunn et al. [7] .
The data from the study on the whole-life environmental impact of anode materials (LiMn 2 O 4 , LiNi 1/3 Co 1/3 Mn 1/3 O 2 and LiFePO 4 ) based on LCA method as carried out by Wang Qi from South China University of Technology in 2012 primarily come from the China Energy Statistical Yearbook [12] . As it directly refers to the research of Majeau-Bettez et al., it is relatively compliant with China's current production reality [5] . Due to the difficulty in gaining first-hand data on the anode materials, the data on GHG emissions during the exploitation, transportation, and production process in this study all originate from Wang's study (Table 4) . Graphite is chiefly used in the cathode material of the battery. Graphite in this study is presumed to be artificial, which undergoes the carbonization and graphitization phases during the manufacturing process. While the carbonization data come from the GHG emission data during carbon cathode production in the aluminum industry, the energy consumption data of the graphitization process originate from GREET-2015.
GHG Emission Factor of Process Energy
Commonly seen GHG emission factors of process energy are shown in Table 5 , which have all been localized, with the data source listed in the table below. 1 Coke, LPG and BFG are generated during the production of coke. Although IPCC only specifies emission factors during the use phase, they could be used for the whole life cycle.
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GHG Emissions Calculation Result
Using the data above, Formula (1) and Formula (2), we calculated that the production of a rated capacity of 28 kWh of LFP, NMC, and LMO vehicle-use lithium ion batteries respectively leads to 3061 kgCO 2 -eq, 2912 kgCO 2 -eq, and 2705 kgCO 2 -eq of GHG emissions. With the same capacity, the production of LMO batteries results in relatively lower GHG emissions, while LFP and NMC batteries, taking the largest share in the Chinese market, generate basically the same amount of GHG emissions. Anode active materials take up the greatest share of the contribution to GHG emissions made by all components of the battery, respectively 48.4%, 60.7% and 51.1%; followed by wrought aluminum, respectively 26.2%, 19.7%, and 24.9% (Figure 3 
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GHG Emissions Calculation Result
Using the data above, Formula (1) and Formula (2), we calculated that the production of a rated capacity of 28 kWh of LFP, NMC, and LMO vehicle-use lithium ion batteries respectively leads to 3061 kgCO2-eq, 2912 kgCO2-eq, and 2705 kgCO2-eq of GHG emissions. With the same capacity, the production of LMO batteries results in relatively lower GHG emissions, while LFP and NMC batteries, taking the largest share in the Chinese market, generate basically the same amount of GHG emissions. Anode active materials take up the greatest share of the contribution to GHG emissions made by all components of the battery, respectively 48.4%, 60.7% and 51.1%; followed by wrought aluminum, respectively 26.2%, 19.7%, and 24.9% (Figure 3) . What do such high GHG emissions mean? The manufacturing process of a traditional car will emit about 9 t of GHG [20] , while LFP batteries emit nearly 3 t. Carrying the 28 kWh LFP battery will increase the GHG emission of the whole car manufacturing process by 30%. While the car consumes electricity throughout the entire use phase and GHG emissions in the manufacturing process account for merely 5% of the whole life cycle, only a limited impact is left for GHG emissions from the battery manufacturing process on the total life cycle.
Comparison of GHG Emissions between Chinese and American Lithium Ion Batteries
The data on American batteries come from the GREET-2015 Model of the Argonne National Laboratory. Generally speaking, GHG emissions during the manufacturing process of Chinese LFP, NMC, and LMO batteries are respectively 3, 2.8 and 2.9 times greater than those of their American counterparts. Anode active materials and wrought aluminum are the main causes of the differences. Due to complexity of the process and uncertainty of the data, the GHG emissions in production of anode materials show an apparent difference with those in the U.S. The second biggest contribution is from wrought aluminum, particularly in China. As China's average electrical structure leads to higher GHG emission factors and aluminum production consumes a considerable amount of electricity, it generates a remarkable amount of GHG emissions (Figure 4 ). What do such high GHG emissions mean? The manufacturing process of a traditional car will emit about 9 t of GHG [20] , while LFP batteries emit nearly 3 t. Carrying the 28 kWh LFP battery will increase the GHG emission of the whole car manufacturing process by 30%. While the car consumes electricity throughout the entire use phase and GHG emissions in the manufacturing process account for merely 5% of the whole life cycle, only a limited impact is left for GHG emissions from the battery manufacturing process on the total life cycle.
The data on American batteries come from the GREET-2015 Model of the Argonne National Laboratory. Generally speaking, GHG emissions during the manufacturing process of Chinese LFP, NMC, and LMO batteries are respectively 3, 2.8 and 2.9 times greater than those of their American counterparts. Anode active materials and wrought aluminum are the main causes of the differences. Due to complexity of the process and uncertainty of the data, the GHG emissions in production of anode materials show an apparent difference with those in the U.S. The second biggest contribution is from wrought aluminum, particularly in China. As China's average electrical structure leads to higher GHG emission factors and aluminum production consumes a considerable amount of electricity, it generates a remarkable amount of GHG emissions (Figure 4 ). 
Exploration of GHG Emission Reduction Potential
Because China's electricity features higher GHG emission factors, different electrical production structures lead to greatly varying GHG emission factors in different provinces. Therefore, GHG emissions caused by electricity consumption are separated. GHG emissions due to electrical consumption during the manufacturing of LFP, NMC, and LMO batteries respectively account for 46.1%, 35.2%, and 43.8% of the total GHG emissions. Though GHG emissions due to electricity consumption take up a considerable share, an optimized electricity production structure could greatly impact the GHG emissions of batteries ( Figure 5 ). 
Because China's electricity features higher GHG emission factors, different electrical production structures lead to greatly varying GHG emission factors in different provinces. Therefore, GHG emissions caused by electricity consumption are separated. GHG emissions due to electrical consumption during the manufacturing of LFP, NMC, and LMO batteries respectively account for 46.1%, 35.2%, and 43.8% of the total GHG emissions. Though GHG emissions due to electricity consumption take up a considerable share, an optimized electricity production structure could greatly impact the GHG emissions of batteries ( Figure 5 ). We have explored the GHG emissions reduction potential of all battery components. In Figure  6 , different colors of circles refer to different battery components and their sizes according to their respective mass fractions. While the transverse coordinates stand for the GHG emissions of a unit of mass of the battery component, rising from left to right, the horizontal coordinates signify the proportion of GHG emissions due to electricity consumption of each component, rising from bottom to top. The bigger the circle and the further the position is toward the upper right, the higher the component's GHG emissions reduction potential. It is obvious that wrought aluminum has the highest potential of GHG emissions reduction. Though positioned at the upper right, the battery management system (BMS) and LiPF6 account for a small mass fraction. Though showing a rather high level of GHG emissions, the three anode active materials currently carry a low potential for GHG emissions reduction due to the limited GHG emissions during the manufacturing process. 
Result Comparison and Discussion
As lithium ion batteries have been widely used in the EV industry only in recent years, studies on GHG emissions during the battery manufacturing process vary greatly. While research findings from some of the literature are listed in Table 6 , the comparison is intuitively shown in Figure 7 . The difference in such studies primarily comes from the uncertainty of the battery structure and the GHG emissions in the assembly process. While the difference of physical batteries and battery models is We have explored the GHG emissions reduction potential of all battery components. In Figure 6 , different colors of circles refer to different battery components and their sizes according to their respective mass fractions. While the transverse coordinates stand for the GHG emissions of a unit of mass of the battery component, rising from left to right, the horizontal coordinates signify the proportion of GHG emissions due to electricity consumption of each component, rising from bottom to top. The bigger the circle and the further the position is toward the upper right, the higher the component's GHG emissions reduction potential. It is obvious that wrought aluminum has the highest potential of GHG emissions reduction. Though positioned at the upper right, the battery management system (BMS) and LiPF6 account for a small mass fraction. Though showing a rather high level of GHG emissions, the three anode active materials currently carry a low potential for GHG emissions reduction due to the limited GHG emissions during the manufacturing process. We have explored the GHG emissions reduction potential of all battery components. In Figure  6 , different colors of circles refer to different battery components and their sizes according to their respective mass fractions. While the transverse coordinates stand for the GHG emissions of a unit of mass of the battery component, rising from left to right, the horizontal coordinates signify the proportion of GHG emissions due to electricity consumption of each component, rising from bottom to top. The bigger the circle and the further the position is toward the upper right, the higher the component's GHG emissions reduction potential. It is obvious that wrought aluminum has the highest potential of GHG emissions reduction. Though positioned at the upper right, the battery management system (BMS) and LiPF6 account for a small mass fraction. Though showing a rather high level of GHG emissions, the three anode active materials currently carry a low potential for GHG emissions reduction due to the limited GHG emissions during the manufacturing process. 
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As lithium ion batteries have been widely used in the EV industry only in recent years, studies on GHG emissions during the battery manufacturing process vary greatly. While research findings from some of the literature are listed in Table 6 , the comparison is intuitively shown in Figure 7 . The difference in such studies primarily comes from the uncertainty of the battery structure and the Sustainability 2017, 9, 504 9 of 12 GHG emissions in the assembly process. While the difference of physical batteries and battery models is inevitable in different studies, only the gradually improving battery standardization can reduce this uncertainty. The difference in research findings due to different production processes and channels of data acquisition during the battery cell production and assembly process is also worth deeper exploration in the future. inevitable in different studies, only the gradually improving battery standardization can reduce this uncertainty. The difference in research findings due to different production processes and channels of data acquisition during the battery cell production and assembly process is also worth deeper exploration in the future. In this research, anode active materials make the largest contribution, far larger than other components, to GHG emissions. Due to limited local data acquisition in the Chinese market, uncertainty of the GHG emissions of anode active materials must be considered. Multiplying by the uncertainty factors of 0.8, 1.0 and 1.2, the GHG emissions of the three batteries show great changes.
As discussed above, there is the issue of uncertainty in the calculation of the GHG emissions. The uncertainties arise from several sources. For example, the BatPac Model, which reflects the U.S. In this research, anode active materials make the largest contribution, far larger than other components, to GHG emissions. Due to limited local data acquisition in the Chinese market, uncertainty of the GHG emissions of anode active materials must be considered. Multiplying by the uncertainty factors of 0.8, 1.0 and 1.2, the GHG emissions of the three batteries show great changes.
As discussed above, there is the issue of uncertainty in the calculation of the GHG emissions. The uncertainties arise from several sources. For example, the BatPac Model, which reflects the U.S. condition, is adopted to calculate battery mass composition in China. There is a certain deviation between the models established respectively in U.S. and China. We also neglected some tiny GHG emission contributors such as non-combustion emissions. Although the issue of uncertainty issue is not quantitatively addressed in this study, the comparison of the results from different studies in Figure 7 and the parametric analysis in Figure 8 can show some general implications for the uncertainties. The issue of uncertainty could be further explored in future study. condition, is adopted to calculate battery mass composition in China. There is a certain deviation between the models established respectively in U.S. and China. We also neglected some tiny GHG emission contributors such as non-combustion emissions. Although the issue of uncertainty issue is not quantitatively addressed in this study, the comparison of the results from different studies in Figure 7 and the parametric analysis in Figure 8 can show some general implications for the uncertainties. The issue of uncertainty could be further explored in future study. 
Summary and Prospects
This study focused on the GHG emissions during the manufacturing of LFP, NMC, and LMO batteries, and established a GHG emissions model for lithium ion batteries in the Chinese market as based on the LCA method. As shown in the study findings, production of 28 kWh of LFP, NMC, and LMO batteries in China results in the respective GHG emissions of 3061 kgCO2-eq, 2912 kgCO2-eq, and 2705 kgCO2-eq, with LMO batteries emitting the least. Carrying the 28 kWh LFP battery will increase the GHG emissions of the whole car manufacturing process by 30%. While the car consumes electricity throughout the entire use phase and GHG emissions in the manufacturing process account for merely 5% of the whole life cycle, the impact of GHG emissions in the battery manufacturing process is not significant on the total life cycle. By battery composition, anode active materials and wrought aluminum make the greatest contribution to the GHG emissions, while by process energy, GHG emissions from electricity consumption take up a larger share. Chiefly due to China's higher GHG emission factor and production of anode active materials, GHG emissions from the manufacturing of lithium ion batteries in China are some three times greater than those in the U.S. From exploration of the GHG emissions reduction potential of all battery components implemented in this study, improving the electricity production structure and optimizing the production process of anode active materials can significantly lower the GHG emissions during the manufacturing of lithium ion batteries in China. Additionally, the uncertainty in battery models and data was compared and analyzed in the study in combination with relevant literature. Recycling and reuse of the batteries was not discussed in this study, and will be considered in a future study. Battery materials specified in this study are disposable. 
This study focused on the GHG emissions during the manufacturing of LFP, NMC, and LMO batteries, and established a GHG emissions model for lithium ion batteries in the Chinese market as based on the LCA method. As shown in the study findings, production of 28 kWh of LFP, NMC, and LMO batteries in China results in the respective GHG emissions of 3061 kgCO 2 -eq, 2912 kgCO 2 -eq, and 2705 kgCO 2 -eq, with LMO batteries emitting the least. Carrying the 28 kWh LFP battery will increase the GHG emissions of the whole car manufacturing process by 30%. While the car consumes electricity throughout the entire use phase and GHG emissions in the manufacturing process account for merely 5% of the whole life cycle, the impact of GHG emissions in the battery manufacturing process is not significant on the total life cycle. By battery composition, anode active materials and wrought aluminum make the greatest contribution to the GHG emissions, while by process energy, GHG emissions from electricity consumption take up a larger share. Chiefly due to China's higher GHG emission factor and production of anode active materials, GHG emissions from the manufacturing of lithium ion batteries in China are some three times greater than those in the U.S. From exploration of the GHG emissions reduction potential of all battery components implemented in this study, improving the electricity production structure and optimizing the production process of anode active materials can significantly lower the GHG emissions during the manufacturing of lithium ion batteries in China. Additionally, the uncertainty in battery models and data was compared and analyzed in the study in combination with relevant literature. Recycling and reuse of the batteries was not discussed in this study, and will be considered in a future study. Battery materials specified in this study are disposable.
